A unique approach to crack-free joining of heterogeneous ceramics is demonstrated by the use of sialon polytypoids as Functionally Graded Materials (FGM) as defined by the phase diagram in the system, Si 3 N 4 -Al 2 O 3 . Polytypoids in the Al 2 O 3 -Si 3 N 4 system offer a path to compatibility for heterogeneous ceramics. This paper describes successful hot press sintering of multilayered FGM's with 20 layers of thickness 500 µm each.
INTRODUCTION
The joining of materials is an important process commercially and technologically. Due to the existence of physical and economic limitations for the manufacture of large parts, joining is essential. Further, for fabrication of complex shapes, it is much easier to make regular geometric shapes and then join them. Finally, having different materials at different regions of the same component is desirable for several applications [1] . Joining to form these components is often the only way for fabrication.
Gopal et al. [2, 3] , have performed experiments on the joining of Si 3 N 4 to itself, using a rare-earth silicate glass which is a ceramic interlayer, following earlier work on sintering Si 3 N 4 to produce glass free joints [4, 5] . However, these interlayers cannot be used to join dissimilar materials. This is because of the large difference in their coefficients of thermal expansion, which leads to the development of stresses, which cause failure. The joining of these different materials can be effected using Functionally Graded Materials (FGMs). In an FGM, there is a continuous change in composition from one region to another. When an FGM is used, the shrinkage is dependent on the concentration of the species present locally. The FGM can therefore accommodate the shrinkage strain and join with dissimilar materials. In this work, polytypoidal functional gradients have been used to join the dissimilar ceramics, Si 3 N 4 and Al 2 O 3 .
Silicon nitride has been considered as one of the most promising structural materials for high temperature applications for the following unique properties -high strength, oxidation and corrosion resistance, thermal stability and resistance to thermal shock [6] . Alumina has been chosen for the joining material since it has an intermediate coefficient of thermal expansion between Si 3 N 4 and metals. Alumina can be used as a buffer layer for joining Si 3 N 4 and metal. Moreover, it has been widely used in high temperature structural components due to its chemical stability.
In order to join Si 3 N 4 to Al 2 O 3 , a sialon polytypoid has been used for several reasons; first, sialons are essentially silicates and alumino-silicates in which oxygen is partly or completely replaced by nitrogen, while silicon is partly replaced by aluminum [6] . Sialon polytypoids are physically and chemically compatible with both Si 3 N 4 and Al 2 O 3 .Because metal-nitrogen bonding is in general more covalent than metal-oxygen, there is freedom to vary the covalent: ionic contributions to the interatomic bonding in a variety of structures [7] . A polytypoid is defined as a faulted structure in which the fault periodicity depends on composition through the cation/anion ratio. These polytypoids are different from a polytype, which has a faulted structure with no change in composition, such as SiC. It was found that AlN polytypoids, such as 15R, 12H,21R, 27R and 2H, have CTEs in the range of 5.1 to 5.9 x 10 -6 / 0 C [8] . Since the CTE of Si 3 N 4 is 3.6x10 -6 / 0 C and that of Al 2 O 3 is 8.8x10 -6 / 0 C, the use of sialon polytypoids for joining Si 3 N 4 and Al 2 O 3 , is clearly attractive.
In this Si 3 N 4 -Al 2 O 3 system, there are six polytypoid phases from the sialon compositions between β' and AlN as shown in Figure 1 . They have structures based on the AlN wurtzite-type ( Figure 2 ). These phases are members of a new series of polytypoids in which the structure is determined by the metal: nonmetal atom ratio M/X. The polytypoids have compositions M m X m+1 where m is an integer 4 to 9 and the structures are described by the Ramsdell symbols 8H, 15R, 12H, 21R, 27R and 2H [6, 7, 9] . From Figure 2 , the metal atoms (Al) form a hexagonal close-packed arrangement and the non-metal atoms (N) fill one-half of the available tetrahedral sites giving rise to the composition AlN. For AlN-rich compositions of the sialon system, the excess nonmetal atoms are taken up by creating periodic stacking faults in the metal configuration and filling up a double layer of tetrahedra at every fault [9, 10] . It is clear that the further the M/X ratio deviates from 1, the smaller is the stacking fault spacing. Therefore, polytypoid step functional joining can be obtained since the structure of this compound is determined by stacking-fault spacing (metal/non metal ratio) as explained above.
Another advantage of using a polytypoid as a functional gradient to join Si 3 N 4 and Al 2 O 3 is that polytypoids have mostly glass-free interfaces [9] . This is an essential property since elevated temperature strength is influenced by the presence of glassy phases at interfaces, notably grain boundaries, and triple junctions.
EXPERIMENTAL PROCEDURE (1) Material Fabrication
To create FGMs, a "mixture rule" was applied to make the gradient since it has been widely used in the modeling of FGMs [11, 12] . A material having two components, denoted as A and B, is considered. Let P A and P B be the values of some particular property for pure A and pure B, respectively, and let their respective volume fractions be f A and f B , where f B = 1-f A assuming that the material is 100% dense. For an FGM, these values of f are dependent upon position along the graded direction. The well-known Voigt-type estimate for the effective value, P, of the property of FGM is
This "mixture rule" was applied to calculate Coefficient of Thermal Expansion (CTE) of each graded layer so that CTE difference of approximately 0.2 x 10 -6 / 0 C between each layer, would exist to minimize residual stress ( Figure 3 ).
FGMs can be fabricated by a number of methods, such as powder processing [13] , thermal spraying [14] , CVD [15] and combustion synthesis [16] , etc. For the experiment, Therefore, the FGM was fabricated by the following method; first, powders of each composition were mixed in isopropanol solvent, and then powders were agitated using the Ultrasonicator to prevent an agglomeration. These powders were dried, and sieved and were stacked layer by layer. The green body was pressed using a cold press to maintain a cylindrical shape. Finally, this green body was sintered using a Hot Press at 1700 o C for 2 hours in flowing N 2 gas to prevent decomposition of Si 3 N 4 . A heating rate of 10 o C per minute was used to heat up to 1700 o C and hot pressing was used to achieve 6 full density. Following the densification, the sample was cooled with a cooling rate of 2 o C/min to minimize thermal stress build-up. Actual bulk densities were determined by the Archimedes method of weighing the sample in air and then in water, which was used as the immersion liquid.
(2) Microstructural Characterization X-Ray Diffraction (XRD) was used to identify the phases present in the 100% polytypoid sample. To identify different polytypoids at various interfaces, highresolution electron microscopy and electron diffraction were used since polytypoid has a distinct interplanar spacing. Also, high resolution images of grain boundaries were taken to identify grain boundary structure.
The specimens for Transmission Electron Microscopy (TEM) were prepared using conventional dimpling and ion milling methods. The sample pieces were cut to a thickness of about 250 µm. From this, a 3mm disc was cut out using an ultrasonic drill.
The discs were then grounded to a thickness of 100 µm using a flattening tool. A dimple grinder was then used to form a dimple, with a 5-10 µm thin region in the middle. At this stage, the specimen is translucent to optical light. The specimens were then ion-milled, coated with a thin layer of carbon and analyzed in Philips CM200 transmission electron microscope working at 200 kV.
RESULTS AND DISCUSSION
(1) Crack-free joint Direct joining of Si 3 N 4 -polytypoid-Al 2 O 3 was tried at first to study if residual stress build-up among layers can be minimized by using a polytypoid interlayer, which has an intermediate CTE between those of Si 3 N 4 and Al 2 O 3 . As shown in Figure 4a , cracks were developed due to residual stress build-up among the layers. In order to minimize residual stress, an FGM joint which consists of 20 graded layers, was introduced by a powder stacking method (Figure 4b) . The composition along the gradient was varied by 10wt% to create a smooth gradient across the thickness. Previous studies have indicated that a better result can be obtained by varying the number of layers and the incremental change in composition from layer to layer, than by increasing the overall graded joint thickness [17] . Thus 20 layers were added to minimize the CTE mismatch stresses as much as possible ( Figure 3 ). The density of this FGM sample using Archemedes method, was measured to be 96-97%. As can be seen from Figure 4b , the composite Si 3 N 4 -polytypoids-Al 2 O 3 is crack-free.
The sintering mechanism of this FGM is mostly liquid phase sintering as the process is essentially that of solution-reprecipitation within a eutectic liquid with accompanying particle rearrangement and phase transformation. Studies have shown that the alloying approach of Si 3 N 4 and sialons to control the residual liquid content has been remarkably successful in producing an essentially single phase ceramic with outstanding high temperature mechanical properties. Although the sintering mechanism remains that of solution-reprecipitation, the liquid is transient and its components are largely removed by the solid solution such that grain boundaries contain only segregated ions within a width of the same order as the β' lattice spacing [18] . Nevertheless glassy phases may still be retained especially at triple junctions, but these may be crystallized in the presence of certain rare-earth additions. [2] (2) Microstructural Characterization An X-ray diffractometer was used to identify the phases present in the polytypoid powders before the FGM was fabricated ( Figure 5 ). The polytypoids, Si 3 Al 7 O 3 N 9 and Al 5 Y 3 O 12 were identified. The 001 d-spacing for Si 3 Al 7 O 3 N 9 was found to be 2.7350 Å, which matches the published d-spacing value for the 12H polytypoid which is 2.74 Å. High-resolution transmission electron microscopy was used to identify the polytypoid phases at various interfaces of the FGM, following earlier procedures [9, 10] .
For the areas in the Si 3 N 4 -polytypoid area, the 12H polytypoid was identified (c= 32.91 Å). So the polytypoid did not change in the Si 3 N 4 -polytypoid gradient area. However, in the Al 2 O 3 -polytypoid gradient area, the polytypoid changed to 15R, c= 41.81 Å ( Figure   6 ). This agrees with the trend of the phase diagram in Figure 1 where the polytypoid was transformed close to the materials to be joined, the closest polytypoid to Al 2 O 3 is 15R and the one to Si 3 N 4 is 12H. Thus the lattice mismatch is accommodated by having this polytypoid transformation closest to the materials being joined. Moreover, this trend in the polytypoid transformation from 12H to 15R as the ratio of cation to anion decreases, is exactly as predicted from the phase diagram (Figure 1 ). Thus the present approach can be applied to a wide range of ceramic systems including the superconductors [20] .
High-resolution images were used to detect any glassy phases presented in grain boundaries since thermal stability is crucial for high temperature application. Various grain boundaries, such as Si 3 N 4 /12H, 15R/15R, 12H/12H and 15R/Al 2 O 3 , were imaged but no intergranular glassy phases were detected (Figures 7 a, b, c and d) . However, statistically, one cannot exclude the existence of intergranular glassy phases in this polytypoid. For example, mechanical tests on these FGM samples implied that some glassy phases in the triple junction are present to cause strength degradation at high temperature [21] .
CONCLUSIONS
(1) Crack-free joining of Si 3 N 4 to Al 2 O 3 (Figure 4b ) was produced by stacking 20 layers of polytypoids with thickness of 500 µm each, to minimize thermal residual stress. The result showed a smooth gradient across the thickness with varying the composition along the gradient by 10 wt%. This method can be applied to other dissimilar ceramics as long as there is no undesirable reaction between the systems. In order to accomplish such processing effectively, accurate phase diagrams for each multicomponent system is needed.
(2) Microstructural characterization indicated that the 15R polytypoid was formed in the Al 2 O 3 -contained layers and the 12H polytypoid was formed in the Si 3 N 4 -contained layers. This transition in polytypoid from 12H to 15R is explained by phase diagram in Figure 1 where the closest polytypoid type is matched to the materials to be joined to accommodate the lattice mismatch, changing in polytypoid cation to anion ratios. 
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